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1. Introduction 
1.1. 



1.2. Recent progress in external optical modulators 

There are generally two types of light intensity optical modulators, electro-optic (EO) and 
electroabsorption modulators (EAM). The EO modulator is based on interferometry where die 
refractive index is controlled by applying an external electrical field, usually implemented in 
form of a Mach-Zender Interferometer (MZI) []. Electroabsorption modulators are usually based 
on band to band absorption controlled by an external electrical field through the Frans-Keldych 
or quantum confined stark effect (QCSE). Resent material technologies have also enabled intra- 
band (inter sub-band) absorption close to the telecommunication wavelength of L55fim []. 

The usual figure of merit (FOM) used for optical modulators [17][18][20] includes weighting 
of device parameters as drive voltage (Vdsnw). electrical bandwidth (3dBe), and DC load 
impedance (Z^): 

«W-^r4S- Ac 



50+Z L " 3tftf5 1^5/xw 

Where is the required voltage for a specified extinction ratio, e.g. lOdB [4], or 20dB 
[18 J for electroabsorption modulators, and V s for electrooptic modulators [17]. The required ER 
should reflect the application the device is intended to be used in, for example the current 
standards specifies 3dB for 10Gbit Ethernet (ieee 802.3) or slightly less than lOdB for SONET. 
Higher extinction required for solitons. . . ? 

Electroabsorption modulators usually have a strong interaction between the electrical and 
optical field and is therefore normally compact in size and show a low drive voltage. Therefore, 
the suggested FOM show a clear advantage in favour for EAMs [181 [4J. The compatible 
process for integration together with a laser, as well as the possibility to design with low 
polarization sensitivity can further motivate the use of an EAM. The electrooptic modulator 
does however show other advantages not included in this FOM such as well-defined non- 
linearity and controllable chirp, [ref] 

A summary of reported EAM devices with an electrical bandwidth more than 30GHz is 
presented in Table 1. 
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Group 


dBe 


Lenetti[um] 


lOdBERM 


Comment 


InfiaAs/InAlAs: 


Tamura, NTT 2003 12) 


-2dB © 50GHz 


75 


0.85 


InGaAlAs/ 








InAlAs 


Ido, Hitachi 1996 13] 


-3dB @ 50GHz 


63 


0.95 




Devaux, CNKT 1995 


-3dB @ 42GHz 


75 


0.75 




[4] 








chirp<l 


Moodie, Corning 2001 


-3dB @ 34GHz 


? 


2 


PJ 










InGaAsP/InGaAsPi 










Minco,Oki2001 [6] 


-2^dB@50GHz 


100 


0.65 




Fu, Red Clover NW 


-2dB @ 50GHz 


? 


1.3 




2002 [7] 










Feng, Fujitsu 2002 (8] 


±0dB @ 50GHz 


70 


dynamic 


LCL tuned 






9do 3.9V 




Tada, Mitsubishi 2002 


-3dB @ 45GHz 


75 






roi 








chirp < 1 


Mivazaki Mitsubishi 


-3dB @ 30GHz 


? 


dynamic 


2002 r 101 


-3dB ® 35GHz 




MdB 2.4V 


asymmetric QW 


Takagi, Mitsubishi 2001 


75 


1.4 


chirp <l 


111] 








Tandem 


Mason, Agere / Lucent 


-3dB <s> 38 GHz 


120 


0.9 


2002 [12] 


-2dB @ 50 GHz 


80 


? 




TML-EAM 










InGaAsP/InGaAsP: 










Shirai, Hitachi / OpNext 


-3dB @ 35GHz 


150 


24dB @ 2.5V 


ICE 


2002 [13] 








Zl=50£ 


Chiu, UC5B 2002 [14] 


-!.5dB @ 20GHz 


300 


0.35 




Akage, NTT 2001 [15] 


-2dB @ 50GHz 


225 


0.9 


z L =soa 


Li, UCSD 2001 [16] 


-3dB @ 35GHz 


200 


slope eff. 


Zt»26.2G, 








0.65V 1 


X=1.3jAm,bulk 


Our work l rt gen,, 


-2dB @ 50GHz 


450 


0.6 




KTH2001 








bulk 


Our work 2 nd gen., 


±0dB @ SOGHz 


2*100 


2.2 


Zl=35Q 



KTH/Optillion 2003 



Table 1. Reported electroabsoiption modulator with an electrical bandwidth over 30GHz. The specified values are 
often extracted graphically from figures and should be considered as quantitative. 

Recently, modulators designed for 40Gbit transmission links have matured and several groups 
have reported a 3 dBe bandwidth exceeding 50GHz. To the best of my knowledge there is so far 
no reported measurements on EAMs beyond this frequency. This frequency limit is often related 
to the limitation of the Agilent lightwave component analyser 86030A. Either the devices have 
been characterized with this analyser, or the measurements are related to this device for 
calibration reasons. For example, as in our case, the photodetector is calibrated with this 
analyser (chapter Error! Reference source not found.)' Measurements on optical modulators 
at higher frequencies up to 110GHz have only been reported for Ti:LiNb0 3 [21] and polymer 
[22], [23J EO modulators. This LiNb0 3 modulator showed a 3dBe bandwidth of 70 GHz with a 
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V of 5.1V, this is the highest verified bandwidth reported to this date. The polymer modulator 
only presents optical FM response in separated bands, there is no reports on the corresponding 
broadband response from DC to 110GHz. The same group has also presented a MZI intensity 
modulator; the frequency response was however not presented due to high electrode attenuation 

I2 Due to the common trend of only reporting the optical response up to 50GHz it is difficult to 
quantitatively compare the different devices with respect to the conventional FOM (ref) at this 
time. Some groups reports of extrapolated 3dBe band widths, for example: NTT [15] 70GHz, 
UCSB [14] 40GHz, and our second generation modulator indicates a BW of slightly more than 
90GHz (chapter 4). Especially TML-EAMs show different type of transfer functions depending 
on the dominating BW Umitation (chapter 3.3), therefore a reliable exttapolation requires a 
complete set of TML parameters and comprehensive modeling. (TA bort/Andra) 



13. Basic Operation of Electro-Optical Converters 
EAMs and p-i-n photodetector are based on photon absorption arising from band-to-band 
excitation of an electron hole pair in a depleted intrinsic region. In a p-i-n photodetector the 
band-gap is lower than the photon energy, for the telecom wavelength of 1.55u,m or 1.3pm the 
usual absorption layer material is InGaAs (E 8 =0.75eV). In EAMs the bandgap is slightly higher 
than the photon energy, and the absorption utilizes the Franz-Keldysh (FK) effect [17] (Fig. 1). 
Here the probability of absorption increases due to the perturbation of the wave function with an 
external applied filed. A simple way to explain this effect is to say that the electron is excited to 
a virtual state close to the bandgap. the probability of absorption is then proportional to the 
tunnel probability between mis virtual excited state and the conduction band (Fig. 1). The 
barrier thickness is decreased with a strong applied external electrical field, and the absorption 
probability is increased. 



Franz-Keldysh 
v e ^ffect 
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re 



TE 
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Fig. 1. Principe of light absorption and photocurrent generation in a BAM and p-i-n Photodetector. Left figure 
illustrates balk band-to-band absorption and the Franz-Keldysh effect, the right figure (from [19}) illustrates the 
quantum confined Stark effect (QCSE). 

Utilizing the quantum-confined Stark-effect (QCSE) [] can enhance the electroabsorption 
effect Also QCSE is based on the wave-function change that follows from an external field 
(Fig. 1), The QW absorption is enhanced by the exciton absorption present at room temperature 
[], as an effect the absorption has a very sharp peak for energy levels slightly below the band to 
band energy difference. This sharp exciton absorption enables a strong absorption shift with 
relatively small changes of the applied electrical field, the disadvantage is that QCSE devices is 
more wavelength sensitive than bulk FK devices. 

Another disadvantage with QW devices is the escape time for excited carriers to leave the 
well; this slows the device down the when operated with high incoming optical power. This is 
specifically a problem for the hole transport due to the higher effective mass than the electron. 
The InGaAs/InAl As material system show a larger band offset (deeper well) for the electrons 
than holes and is therefore an attractive solution for this reason (Table 1), however this material 
system requires MBE growth, and the process for straight mesa walls is more complicated than 
for the InGaAsP system [19]. 

Unstrained InGaAsP/InGaAsP wells show a larger band-offset for holes than electrons and is 
therefore disadvantageous with respect to high power saturation, this can however be improved 
by introducing strain compensated MQW devices. The choice of compressive (cs) or tensile (ts) 
strain in well and barrier respectively is important for the device properties. By using cs strain in 
the well and ts strain in the barrier the valence band offset for heavy holes (hh) is very much 
reduced, the offset for light holes (Ih) can be designed to almost zero. This enables an effective 
hole transport which significantly improves the device performance under high power operation 
[25]. The disadvantage with this implementation is that only heavy holes contribute to the QCSE 
process, and the device can only be operated in the TE polarization (Fig. 1). Due to the high 
power capability this implementation is attractive when the device is integrated with a laser 
where the polarization state of the incoming light is controlled. 

A more common implementation is to use ts strain in the wells and cs strain in the barriers. 
Tensile strain lifts the lh-band edge relative to the hh-band edge and the device can be designed 
to be polarization insensitive. In this design the Ih- and hh-band becomes degenerated which 
causes a substantial deformation of the valence sub-bands [26]. As a result the effective mass 
model with the assumption of parabolic bands can no longer be applied. Devices with ts strained 
wells often show a pronounced exciton peak with a strong electroabsorption effect. Indeed most 
devices in Table 1 (when specified) utilize this design, resulting in very low drive voltages and 
high optical extinction. 

Tensile strained QW devices show higher valence band offsets than cs strained QWs. The 
saturation improvement is therefore not so intuitive as for cs strained QW devices. The main 
argument is that the effectively reduced hole-mass in the well reduces the carrier escape time 
compared to unstrained material [19], input optical power levels up to 14dBm has been 
demonstrated without a significant penalty on the EA efficiency [14] (the polarization state of 
the incoming light is not specified). 
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2. Reactive Tuning and Traveling- Wave Structures 

Electro-optic (EO) converters in general, and here specifically treated; p-i-n photodiodes 
(PD) and electro-absorption modulators (RAM) are often bandwidth limited by the junction 
capacitance (Fig. 1). This capacitive limitation can often be compensated by various 
implementations of passive reactive networks. In this chapter the basic concepts and 
implementations of reactive tuning will be introduced. Chapter 3 treats E AMs operating in the 
traveling-wave (TW) regime, in chapter 4 this concept is extended to segmented devices and 
TW-EAM structures, and chapter 5 is devoted to reactive p-i-n diode tuning. 

2.1. Broadband Reactive Tuning 

The method of compensating the capacitive load of an optical intensity modulator can be 
divided into three regimes (Fig. 2): lumped tuning, segmented transmission line (TML) tuning 
treated in chapter 4, and operation in the TW regime treated in chapter 3. 

Lumped Segmented 

High 



Single 



' Cm 7) 



High High High 



Fig. 2. Example of three different choices of implementations 

The boundary between each regime can be related to the length scale of the layout 
implementation. Considering the transformed input impedance of a short TML with 
characteristic impedance Zq and propagation factor fi terminated with the load Z L : 

Zo + ^tanOS) [ Z L >Z 0 ] l+/tf0BjL 

Where L and C is the equivalent capacitance and inductance per unit length of the TML, 
respectively. Thus a short section of a TML (Z«l) is well approximated as either a capacitance 
or inductance depending on the TML load compared to the characteristic impedance. (Walker 
[27] has investigated the difference between an ideal lumped modulator to a center fed and end 
fed TML with open termination, respectively). In fact, a short section of a high-impedance TML 
is a simple practical implementation of the matching inductor. The difference between the 
lumped and segmented TML regime can therefore be distinguished as the limit when distributed 
effects no longer can be neglected (/»^/8). However, the segmented TML implementation also 
has an upper length limit when the segment length is close l~M4 the arising resonance degrades 
the performance of the device (see section 4.2). 
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The traveling wave (TW) regime is, in contrast to a standing wave, ideally distinguished as 
the case when the wave travels in only in one direction and is terminated in the load (R L =Zo). 
The length of a TW device can ideally be several wavelengths long, however, there is to the best 
of my knowledge so far no reports on a electro-absorption modulator (EAM) with a 3dB 
bandwidth larger than l=OA*A, (see chapter 3). Also the periodic segmented TML can be 
operated as a TW device (although each modulator section is often well approximated as 
lumped modulators), this is further investigated in section 4.2. 

Unfortunately, the terminology in the literature is often quite confusing, for example the 
single segmented TML is often (incorrectly) referred to as a TW modulator, even if it is clear 
that there is a significant termination mismatch {R&Zo), i-e., the modulator is not operated in the 
TW regime. A more correct name including both segmented TML modulators and conventional 
(matched and not matched) TW modulators are, in my opinion, distributed modulators or TML 
modulators. An alternative name for a single segmented TML modulator has also been 
presented under the designation "impedance controlled electrode (ICE) modulator" [13]. 

2.2. Lumped LC-tuning (byt plats med foregaende???) 
Ideally the junction capacitance of an EAM or p-i-n diode can be compensated at a single 
frequency by a parallel inductance. The frequency limitation of this type of tuning is essentially 
limited by the loss dissipation, i.e., die Q value of the resulting resonance circuit. For wide-band 
operation this type of tuning is not feasible as the device is short circuited at low frequencies. 
The available approaches for baseband (DC to GHz range) are essentially more limited. The 
only allowed toolbox for lumped tuning consists of serial inductive tuning and parallel 
capacitive tuning (fig). 

a) Lumped EAM tuning 



FIGUR Example of lumped EAM tuning and corresponding transferfunction. 
Using a lumped LC tuning for an EAM the transfer function is given as: 

An inductance value of particular interest is L=XXX, where the filter correspond to the 
second order Bessel filter. Bessel filters are characterized by almost constant group delay across 
the entire passband, thus preserving the wave shape of filtered signals in the passband. At this 
point the BW is increased up to 35% compared to the corresponding RC limit Increasing the 
inductance further does not increase the bandwidth but the transfer function is flattened and the 
return loss (S„) is slightly decreased (at the expense of phase linearity). Serial inductive tuning 
m form of bond wire or flip-chip inductance is a natural implementation for device packaging. 
However, a typical problem is here that the inductance becomes too high, which can be 
compensated by an additional capacitor. Generally, adding even more elements to the LCLC 
chain adds the order of the filter and the ability to shape the transfer function to a desired goal 
function, however it also increases the required tolerance on each circuit components thus long 
filter chains without buffer amplifiers should be avoided except for very reproducible processes. 

Lumped LCL tuning is widely used for device packaging and has been demonstrated to be 
feasible for EAMs operating up to the 40Gbit/s device generation [ref]. For higher frequencies it 
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is attractive to divide the device into several segments or to match the TML characteristic 
impedance to the matching resistor in a TW configuration. These implementations will be 
analyzed in detail in the following two chapters. 



The p-i-n diode BW is limited by two conflicting effects; the RC time constant for thin 
intrinsic layer, and the transit time-effect associated with the carrier transport for thick intrinsic 
layers [ref|. Similar as for the EAM, the p-i-n diode the BW can be increased approximately 
35% for a capacitance limited device. However a perhaps even more useful feature is the ability 
to compensate for the resulting transit time-delay that arises with a thick intrinsic layer. This is 
particularly useful when optimizing the responsivity of a vertical photodiode (VPD). This 
additional degree of freedom makes the inductive tuning for a p-i-n diode more complicated 
than for the EAM. paper XXX addresses the technical problem of increasing the BW with 
inductive tuning (or equalizing), while paper XXX discusses this issue from a fundamental 
perspective with respect to signal-to-noise ratio (SNR) optimization for VPDs. The results of 
these studies will be further discussed in chapter 5. 



3. Design and Modeling of Electro-Absorption Modulators 
3.1. Introduction to Traveling- Wave Electro-Absorption Modulators 




Electrical wave 



fig. 3. Principe of operation for a Traveling wave electro-absorption modulator (TWEAM) 

Traveling-wave electro-absorption modulators (TWEAM) have proven to be an efficient 
solution in overcoming the capacitance limitation associated with a lumped configuration. Here 
the transmission line (TML) capacitance (dominated by the active junction capacitance) is 
compensated by the electrode inductance. The traveling wave (TW) implementation was 
successfully introduced for electro-optic (EO) modulators, and is now the dominating 
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implementation type for high-speed performance devices. TW devices have been demonstrated 
in several material systems including LiNb0 3 In the traveling-wave (TW) regime an electrical 
wave ideally co-propagates with the optical wave in the same direction and speed (Fig, 3). In a 
practical implementation ... For example in paper xxx we have demonstrated a 43GHz small 
signal bandwidth for 500pm long modulator with a TML capacitance of 1300pF/m terminated 
with a load resistance of I3£2. The corresponding RC limit for this device is only 24QHz. 

3.2. Transmission Line characteristics 



Optical 




Fig. 4. Schematic structures for a TWEAM TML. The left figure represent a buried optical waveguide (a.k.a. deeply 
etched ridge waveguide []) with Sl-InP or BCB cladding, the right figure represents an optical ridge waveguide 
[Coldrenl (a.k.a. strip loaded waveguide [17]). 

Two typical implementations of TWEAM-TML are illustrated in (Fig. 4) as a buried optical 
waveguide and ridge waveguide, respectively. A widely used and attractive solution [refs] is the 
buried optical waveguide with a BCB (or polyamide) cladding. The advantage of this 
configuration is a low waveguide capacitance, which offers a high characteristic impedance and 
low electrical attenuation. Due to the high index contrast between BCB and InGaAsP core 
(1.5/3*4) this implementation is multimode in the horizontal direction. For single mode 
operation one normally use a semi-insulating (SI) re»grown cladding layer or a ridge waveguide. 
Single mode operation is actually not required for an electroabsorption modulator [Dagli 
Wakita], however, it simplifies the process for monolithically integration with a laser. The 
disadvantage is a higher waveguide capacitance because of the higher dielectric constant of InP 
and> furthermore, inter-diffusion between Fe and Zn dopands may degrade the performance of 
the device. As an alternative, the use of Ruthenium-doped InP has been successfully 
demonstrated [2]. The ridge waveguide usually show slightly higher capacitance due to a more 
divergent electrical field (the charge accumulation close to the lower mesa corners is higher), 
this capacitance can be improved by adding a small intrinsic buffer layer on top of the active 
layer (Fig. 4) the resulting capacitance is then close to the value of a buried waveguide (with 
BCB cladding and the same total intrinsic thickness, hi). The influence of this additional 
intrinsic layer will be further discussed in the next section. 

The microwave properties of these two implementations are presented in detail in paper 
XXX* The low frequency field solution for the quasi-TEM mode is often referred to as a slow 
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wave mode [33][34][35]. This type of mode arises due to the physical nature of semiconductor 
material; thfiskin-depth of the material is typically very large (e.g. <S=8.3fim at 100GHz for n- 
InP 10 /cm ) and can therefore be treated as a dielectric material for the magnetic-field, 
whereas the displacement current in the doped semiconductor is typically negligible (e.g. 
coefo^Q.05 at 100 GHz for p-InP 10 If W) and is therefore treated as a conductor for the 
electric field. This leads to a typical EM-field solution illustrated in (Fig. 5). As a result from the 
influence of the semiconductor material the LC product is much larger than for a conventional 
TML on an insulating dielectric substrate. The wave propagation is therefore significantly 
slower than expected from the dielectric constant of the materials used in the structure. 




fig. 5. Transversal field solution in the low-frequency regime, the solid and 
and magnetic field, respectively. 



dashed lines correspond to the electric 



The TML microwave properties are represented by the quasi TEM circuit model in (Pig. 6). 
The slow wave mode can be seen as a quasi TEM solution in the sense that the transversal field 
is dominating over the longitudinal, and the corresponding impedance (Zs) admittance (Yp) oer 
unit length of the TML (Fig. 6) is well described from static field solutions. This is the subject 
of paper xxx, where we derive the corresponding circuit elements from geometry and material 
properties. The corresponding TML parameters is expressed as: 



Z 0 {a>) 



(3.1) 



y(eo)= «(<y)+ jfi(a>)= Jzjpfffi 
where 

Z s (<»)= JUL* (K c + R (xs )+o) 1 JL. 



(3.2) 



(3.3) 



(3.4) 



Besides the transversal field components the electrical field will also have a longitudinal 
component (E.), given by Maxwell's equations: 
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Vj-Ej = —ja)fJz x H T — yE T OS) 

This residual E t component will induce a longitudinal current in the semiconductor material, 
leading to increased microwave loss at higher frequencies. This leads to the additional Rsc 
circuit element, which is not included in a simple static field solution. 




1 




















I 





Rg. 6. Equivalent circuit for a unit length of the transmission line. 

To understand the tendency of how the TLM parameters scales with geometry it is useful to 
approximate them with the dominating circuit elements [37]: 



2Z 0 2 ^ M p R SC Z 0 ) 



(3.6a) 



(3.6b) 



3*3. Small signal performance 

This section treats the small-signal bandwidth limitation of a TWEAM, and discusses some 
possible... 

The small signal response of a TWEAM is approximated with the following expression [37]: 



0 



(3.7a) 



(3-7b) 



This expression includes the effect of velocity mismatch (n 0 ), electrical TML attenuation 
electrical reflection at the TML source and termination JD, and the effect of a potential 
drop over the serial resistance (/? p ). All four effects are essential to take into consideration when 
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the optica! response should be determined. In the following section the influence of each effect 
will be discussed. 

b) Velocity mismatch 

The velocity mismatch is traditionally often of primal interest when discussing traveling wave 
structures, this is probably an inheritance from electro-optical modulators. Due to the highly 
attenuating p-i-n configuration electro-absorption modulators are typically short compared to the 
electrical wavelength (l<A/2) within the frequency limit of interest. The name ••traveling-wave*' 
is therefore somewhat misleading (traditionally speaking) as the devices are not several 
wavelengths long, it is however important to realize that the devices are generally too long to be 
modeled as lumped elements and is ideally operated with an electrical wave only in the forward 
direction. For a typical structure the electrical index {n e ) is usually slightly more than 5, which 
indicates a slower propagation of the electrical wave than the optical wave (n<f*3A). This walk- 
off will degrade the performance slightly, but it is generally not a limiting factor. 

It is possible to match the propagation velocities of the electrical and optical wave by 
designing for a lower value of either the capacitance or inductance. The capacitance is however 
normally given by the optical waveguide design, i.e. the capacitance is chosen as low as possible 
without significantly sacrifice the optical properties of the device (see next section). This leaves 
the inductance as the only free parameter to optimize the design with respect to velocity 
matching. Fundamentally, 

n t =c Q Z 0 C. (38) 

Which indicates the trade-off between velocity matching and TML impedance. In paper XXX 
we have experimentally investigated how the microwave properties is changed with a varying 
inductance, here the value of the inductance is changed by varying the electrode width. 

c) TML attenuation 

The effect of TML attenuation is normally dominating over the velocity mismatch. With a 
negligible velocity mismatch and perfect line termination, the bandwidth is given as: 



Which is equivalent to a TML attenuation of 6.4dB, The attenuation and propagation velocity 
are however related from the cross product between the real and imaginary part of Z, and Y p 
(3.2), respectively, as indicated by (3.6). Thus a slow propagation is here equivalent to a high 
attenuation. Therefore (3.8) is important also for the attenuation, and indicates that a high 
bandwidth design does inevitably result in a low modulator waveguide impedance. 
(Inductance) 

d) Impedance mismatch 

The TML termination (ZJ has a very strong effect on the device bandwidth; there are two 
reasons for this. First, similar as for a lumped (RC-limited) modulator, the value of Zl sets the 
normalized DC-response, a simple way to achieve a high bandwidth is to lower the DC-response 




(3.9) 
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(with a constant response at high frequencies). The second reason is that in the TWEAM 
configuration the load impedance is transformed, a typical modulator length close to the 3dB- 
bandiwth is /*vl/4, thus the impedance seen at the input of the modulator is approximately 
ZnfsZoIZu With Z L <Zo the input impedance (and the voltage at the modulator input) will 
increase with frequency, and thereby increase the response at higher frequencies. Due to the 
impedance transformation the load impedance has a stronger effect on the bandwidth for the 
TW-configuration than for a lumped (RC-limited) modulator. This is a very effective way to 
increase the bandwidth of the device, but it is also important to realize that with Z&Zo the 
bandwidth will be significantly reduced due to the same effect. It is therefore good to design 
with slightly to low than to high load impedance. The effect of bandwidth peaking is obviously 
dependent on the source impedance, e.g. if a Z^SOQ source or dedicated driver design is used. 
Only if the TWEAM is matched (Z L =Zo) the input impedance is almost frequency independent, 
and the bandwidth is independent of the source impedance. 

e) Internal RC limitation 

Due to the low conductivity of p-InP the voltage over the intrinsic layer is lower than the 
voltage on the modulator electrode, this indicates an internal RC-constant given by RpC^ In a 
successful process this should typically not be a dominating effect below approximately 
200GHz, in a practical process due to unintentional low doping or passivation of dopands this 
can have pronounced effects already at lower frequencies. In our earlier results (paperXXX) die 
internal RC-limit corresponded to only about 60GHz, the bandwidth could only be increased 
over this limit by designing with a low Z t . 

3*4. Optimization of the Intrinsic layer thickness and large-signal extinction 

An important design parameter for the TW-design is the possibility to make the intrinsic layer 
thicker than the optical waveguide as illustrated in (Fig. 4). The thickness of the optical 
waveguide is limited to maintain single-mode operation, and/or can be restricted by the number 
of wells in a QW-design with respect to carrier transport and material quality... Increasing the 
thickness of the intrinsic layer will obviously reduce the electrical field for a fixed applied 
voltage, and thereby reduce the strength of the electro-optical (EO) interaction. However, the 
performance of a traveling-wave modulator does not scale with geometry in the same way as a 
lumped (RC-hmited) modulator. This changes the optimum design with respect to the intrinsic 
layer thickness of the modulator (Fig. 4) and its corresponding waveguide capacitance (Q„). For 
example: for a lumped modulator the bandwidth is directly proportional to the capacitance 
decreasing this value (per unit length) by a factor of two indicates that the device can be made 
twice as long and still have the same bandwidth. For a matched TW-design {Z L =Z 0 ) the 
bandwidth is given by the aL product (3.9), and with a thin intrinsic layer a is proportional to 
Cim (3.6). Hence, reducing C to with a factor of two indicates that the device length can be 
increased by a factor up to 2.8 without decreasing the device bandwidth. In addition the penalty 
for internal RC limitation and velocity mismatch are reduced, and the characteristic impedance 
is increased. This indicates that a TW-design benefits from a long modulator with weak EO 
interaction, i.e. thick intrinsic layer. 
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The thickness of the intrinsic layer has a large effect on the general modulator performance 
with respect to optical extinction, high power saturation and frequency chirp. A detailed 
optimization is therefore complicated. 

Generally a thicker intrinsic layer is beneficial for die following reasons: 

+ Decreased capacitance, which leads to decreased attenuation, increased impedance, 
and decreased internal RC-penalty. The modulator length can be increased without 
reducing the small signal BW. 
+ The optical absorption per unit length is reduced; a more distributed optical 
absorption decreases the effect of high power saturation related to the carrier escape 
time from the QW. 
+ Decreased free carrier absorption from p-dopands [ref]. 
+ Decreased diffusion of p-dopands into the MQW layer in MOVPE growth [ref] 
The drawback of a long modulator with a thick intrinsic layer is mainly associated with high 
power saturation and frequency chirping as: 

- The carrier drift time is increased due to the thicker Mayer, this may increase the high 
power saturation due to carrier screening [value approx 7*10* cm/s according to 
monte carlo ref?]. 

- Hole pile-up [ref olof mm] in the bandgap discontinuity may be an issue unless 
treated with proper bandgap engineering. 

- The frequency chirp-parameter (C=2A/i/Aa) [41] is usually lower with a high 
electrical field KoDa Myazaki 

- The insertion loss may be increased depending on the low-field absorption. 

- Non-intentional residual doping in the intrinsic region may increase the drive voltage. 
To further investigate the optimum design with respect to optical extinction we use the case 

study corresponding to a ridge waveguide (Fig. 4) with parameters... 

A smaller mesa leads to a decreased optical confinement and potentially increased 
scattering losses from sidewall imperfections. 

and a design bandwidth of 100GHz. Fig. 7 shows how the TML parameters are affected by 
an additional intrinsic layer thickness, the parameters are calculated using a slightly modified 
version of the model in paper XXX. As illustrated a reduced has a strong influence of the 
modulator TML attenuation (a), furthermore the characteristic impedance (Zq) is increased and 
the velocity matching is improved. 
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Fig. 7. TML parameters at fq=!00GHz as a function of intrinsic layer thickness for a ridge-mesa waveguide with a 
width of I.5|Atn, 

With the TML parameters given by (Fig. 7) we can calculate the corresponding modulator 
length that corresponds to a fixed small signal bandwidth for a matched TWEAM using (3.7), 
for this case study (Fig. 9) shows the corresponding length for 100GHz bandwidth. 

As figure of merit (FOM) for the optimization we use the large signal optical extinction ratio 
(EJ?=101og(/V/ > /)) given the modulator drive voltage (AV). The extinction ratio is proportional 
to the optical attenuation (CQ resulting from the electric field corresponding to a sent "1" or 'XT 
symbol (E h E 0 y 

log(£fl)~(a(^)-a(E 0 )) 

Empirically the optical absorption difference can be expressed by the following curve fit (Fig. 
8): 



Aa = p(E-E o y = 




Where the proportional parameter (p) and curvature parameter (c) are fitting parameters. The 
important parameter for device optimization is the curvature parameter (c) that is given by 
materia], low field bias (Eo or Vb)» and wavelength detuning (the examples in (Fig. 8) also 
includes additional optical losses). Note that the value of the curvature parameter is strongly 
related to a tolerated insertion loss, i.e. a high c value is equivalent to the case when die 
modulator is operating well into the nonlinear region in the transmitting state (Fig. 8). 
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Rg. 8. Example of model fit for InGaAsP/mGaAsP QW devices with corresponding curvature parameter (c) applied 
to our modulator structure, NTT [49], and UCSB [48] respectively. 

The traditional FOM [refs] use the drive voltage from a 50& source rather than the actual 
drive voltage applied to the modulator. 

v m = v x 2Z ° 

m ^O + Zo 

A perhaps more fundamental FOM is to optimize the optical extinction with respect to 
applied modulation signal power as: 

The resulting relative extinction given from the expression 



are plotted in (Fig. 9) for both cases with a fixed voltage, using curvature parameter (c=15, 
2.0 and 2.5). 
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Fig. 9. The upper figure shows the modulator length resulting in lOOGHs BW as a function of intrinsic layer 
thickness. The lower figures show the corresponding relative change for die extinction in dB (i.e. if I corresponds to 
lOdB ER then 0.5 corresponds to 5dB ER) for a fixed drive power and fixed voltage from a 50ft source, respectively. 
Note that the thickness of the active layer (0.2um) and the optical confinement is here assumed constant 

As illustrated, the optimum thickness is dependent on the assumed curvature parameter value. 
If a low c value can be tolerated, with respect to the insertion loss, it is obvious that the large 
signal extinction is improved using a thick intrinsic layer and long modulator for the TW design. 
On the other hand, the trend is that the longer modulator the higher c value is probably required 
in order to limit the insertion loss, and the opposite hold for a short modulator. Therefore, it is 
very difficult to argue for the most optimal design. However, the result in (Fig. 9) indicates that 
a thickness of 0.3 to 0.4 pm with a corresponding modulator length of approximately 200 to 300 
Mm is a good value for a design bandwidth of 100GHz. For a low c value we find that the 
intrinsic layer can be made very thick without sacrificing the optical extinction. This is 
interesting for a high modulator impedance design; however, the trade-off with insertion loss 
and frequency chirp indicates that a design with much thicker i-Iayer than OSixm is not feasible. 
The characteristic impedance is therefore in practice limited to approximately 30£2 (Fig. 7). 
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4. Optimization of high impedance modulators 

Due to the current standard of microwave systems modulator impedances in the proximity of 
50Q is preferred. This is significantly higher than the typical TWEAM design [ref] with a 
characteristic impedance usually between 20 and 25Q. It is not fundamentally impossible to 
design a modulator with higher impedance, however, as illustrated in the previous chapter it is 
not optimal to use an intrinsic layer much thicker than approximately 0.5|im. With a mesa width 
of 1.5\xm this corresponds to a WG capacitance of approximately 500pF/m or a characteristic 
impedance slightly less than 30Q (with a typical inductance of L*=4G0nH/m, figure 10 in paper 
XXX). The capacitance can be reduced slightly by increasing the i-layer thickness and reducing 
the mesa width, this is however limited by the trade-off with respect to optical performance of 
the modulator. Increasing the value of the inductance further increases the penalty from velocity 
mismatch (3.8) and TML attenuation, the latter arises partly from the practical problem of 
increasing the inductance without increasing the dissipative elements in the Z s network in (Fig. 
6) but also from the resulting cross product with the dissipative element in the Y P network in 
(3.2 or 3.6). 

Two attractive ways to solve this problem is either to match the modulator to the source and 
load with a passive network, e.g. a taper (Fig. 10) [38],[18], or to effectively reduce the 
capacitance per unit length by dividing the modulator into several segments (Fig. 2), i.e. a 
periodic capacitive loaded TML [43],[45].[46]. There is a clear distinction between the two 
regimes: In order to effectively transform the impedance the required taper length should be 
more than t>A/4, while for the segmented TML matching (Fig. 2) the length of the segments 
should typically be less than l<A/4. 

4-l« Taper matching of traveling wave modulators 
A schematic representation of a taper matching is illustrated in (Fig. 10). The ideal taper 
transforms the modulator impedance level of 25ft to the standard level of 50Q. The use of 
tapers to embed the modulator in a 50Q environment is discussed in the work by Zhang [18], 
although the final implementation in this work is more related to a single segmented TML 
matching (Fig. 2). 
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Fig. 10. Schematic representation of 50Q impedance matching using passive waveguide tapers [collin]. The upper 
circuit shows a configuration with input and output matching of the modulator; the input impedance can thereby be 
matched to 50Q also at low frequencies. In the lower figure the output taper is replaced with a 25SI matching resistor, 
this results in a source mismatch (Zin*50&) at lower frequencies. 

The practical problem with taper matching is the low-frequency performance, unless the 
taper is infinitely long. At low frequencies the taper does not affect the electrical signal, and the 
modulator is then terminated with 50Q (Fig. 10, upper circuit). Above a designed transition 
frequency (£) the taper will ideally transform the modulator impedance of 2SCI to the system 
impedance of 50&. There are generally two problems associated with this implementation. First, 
in order to keep the transition frequency sufficiently low the taper requires quite large chip area 
in a practical implementation. For example: A/4-transformer (l**M4), exponential taper (/«/t/2), 
and triangular taper (M).815X) [collin]. With an implementation as a CPW on SMnP (#1^.6) 
the required taper length can easily be several millimeters in order to have a transition frequency 
in the relevant region (say 10GHz or lower). The second problem is that not only the impedance 
will be transformed but also the applied voltage to the modulator. Considering the two-taper 
implementation (Fig. 10, upper circuit) the resulting modulator voltages are: 

V to ^Yi, , while v _]x JpS - v °aj> . 

Thus the voltage transformation alone limits the 3dB bandwidth for the configuration with two 
tapers. This configuration is therefore not useful for a wideband application (e.g. NRZ 
modulation) unless the transition frequency is designed to a very low frequency. (Or sufficiently 
high frequency, but this obviously means that the tapers are not effectively used). 
For the single taper implementation (Fig. 10, lower circuit) the resulting voltages are: 

y tfa 25 V =H .while v =Xl /I* - (Eu . 
*** 50 + 25 * 3 Vmt,f 2 VSO 18 U 

Thus the voltage applied to the modulator is here almost frequency independent (within 0.5dB), 
and there is no BW penalty from the taper. Hence this implementation can be used also for 
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wideband applications. The transition frequency is not critical for the modulator performance 
(S 21 ) but it affects the input reflection of the device (S n ). Also note that the bandwidth is 
maintained because the LF response is reduced due to the impedance mismatch, the HF 
response is the same as for the two-taper implementation. 

4.2. Periodic segmented TML traveling wave structures 



fi Introduction to periodic structures 

A more compact approach of impedance matching is to effectively reduce the capacitance per 
unit length by dividing the modulator into several segments separated by passive (high 
IZ^T? FT*- segments (Fig. 11). As long as the segments are sufficiently short 
3^T«° d ^ cal wavelength, in the frequency range of interest, the electrical wave will 

sSon^Thir^t lm f? nCC ^Z™ by ™ Ch ™ L im P cdance and seg°«nt length (see next 
section) This implementation is often referred to as a periodic traveling wave structure [collinl 

y ? aded ™V [43 2* I451 - By choosing ffie appropriate impedance value of me 

ssjisxass ratio * is possible to design ^ perfect impedance and 



"~U — u — y^j-ss 



Z «22Q 



Position 

Passive sections 
D =70 - 75 Si 




Modulator sections 

< — > 

Optical length 

"J^'ataX 2 * ^^^S.*™ "!**•" •«»«*■* nuxluhtor is here divided into 3 sections, 
nSuwicS ^ 6 SCa, ° nS " Sed ,0 inCrease *» «■»*• characterise impedance separate the 

ih^i!!!! tChin8 t f tu *> ue I 88 been demonstrated for electro-optic modulators [20]-[46]. Also 
mnS^T,rL TI u"? 6 modulator cement between two passive segments wiii high 
impedance can be mcluded in this category. This has been demonstrated for etectro absorption 
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modulators, designated impedance controlled electrode (ICE) modulator [13]. The technique 
has however been demonstrated in earlier work, for example in the work by Zhang [18] the 
4C Linear width taper" can be considered to operate within this regime (see figure 3,27 to 3.30 in 
[18]). Basically there are two different implementations used in the literature (Fig. 12): 

a) Cascaded segments alternating between low impedance active modulator and passive 
high ohmic segments. This approach is used in this work (Fig. 11) and in ref. [46]. 

b) A continuous passive high ohmic WG where the signal is feed to short lumped 
modulator segments via an inductive feed line [20],[45]. 

In our work a conductive substrate was used for compatibility with laser integration (available 
Sl-substrates typically show more crystal defects that degrades the lifetime reliability of the laser 
[ref?]). The use of a conductive substrate limits the freedom of design for the passive electrode, 
and alternative a) was chosen primarily for layout reasons. There are however two advantages 
with this implementation, first the inductance of the modulator segment is effectively used (in 
alternative b the modulator segments only add to the capacitance), secondly the inductive feed 
line increases the admittance per unit length 



(4.1) 



This increase leads to a decreased Zo, which potentially degrades the device performance at 
higher frequencies. 



a) 



Lp/2 Lp/2 Lm Lp/2 Lp/2 Lm 
/r8vVpWw\— ^r-v^ 

T Cp lCm/2 Tbrn/2 T° P TCrn/2 TCm/2 




Fig. 12. Two types of implementation of segmented modulators: a) The cascaded approach used in this work (Fig. 
1 1) and in [46], b) The inductive feed line approach used by e.g. Walker [43]. 
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g) Block Wave Formalism 



waves 




Li — 



Kg. 13. Bloch wave representation for an infinitely long (or matched) periodic TML. The ptoAows toe aovHtucte 
as function of position for the forward propagating wave (V). reverse propagating wave CO, and the resnlhng forward 
propagating Bloch wave (V B *)- 

The wave propagation for a periodic TLM can be expressed in form of Bloch waves [38] 
(Fig. 13) with its associated TLM parameters y B and Z B . The wave propagation on an infinite (or 
matched) structure between sampled points separated by the length of the periodicity (d„) is then 
given as: 



rrtfittB 



(4.2) 



The Bloch wave representation is interesting as it corresponds to the effective characteristic 
impedance and propagation factor extracted from measured S-parameters (chapter Error! 
Reference source not found.). The propagation factor is derived from the T-matrix of a unit 
cell of the periodic structure: 



(v;)Jt u T n Yv; H )Je»« o Yv„;, 



(4.3) 



The resulting propagation factor is given from the trace of the matrix, 
cosh(Y B d B )=(Ti,+T22')/2. The Bloch impedance for a symmetric structure is then given as: 



i.e., 



r„=- 



.and r 



(4.4) 



h) Properties of periodic structures 
In the low frequency limit (Xo«n B d B ) the Bloch impedance and propagation factor 
corresponds to the average impedance of the two TML sections: 
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(4.5) 



Where and is the corresponding impedance and admittance per unit length of each TML, 
respectively. Ideally Z B and fa are then only dependent on the ratio between the active and 
passive waveguide length {dpld^, and independent on the periodicity of the structure (d B ) (Fig. 
14). (In practical implementations each waveguide transition will wave discontinuities that act 
as parasitic circuit elements, this effect is not included in the simulations presented in this 
chapter). 




10 20 30 40 50 60 70 
frequency [GHz] 



100 



Hg. 14. Measured and simulated Bloch TML parameters for structures with different periodicity using the same 
ratio of d„Jdp and a total modulator length of 150ura The propagation factor is normalized to the optical path length. 
The simulations uses TML parameters extracted from measurements on straight test-structures for each TML type 
respectively. 

There is however an upper frequency limit when Z B and n B becomes frequency dependent 
(Fig. 14), once the segment length is comparable to (half) the electrical wavelength a stop-band 
will occur (Fig. 15) (a.k.a. band-gap or Bragg-frequency) [38]. Due to the TML losses the stop- 
band will not be complete for these modulator structure (i.e. the eigenvalue equation for the 
propagation factor (4.3) will have a solution also in the stop-band region). In practice, because 
of high attenuation and dispersion, the structure is only useful up to the stop-band edge given by 
the spatial repetition rate of the TML segments. 

A very interesting effect is that close to the stop band edge a standing wave pattern arises in 
the structure. Fig. 15 illustrates the voltage difference between a structure with dense 
segmentation and one with a coarse segmentation close to the stop-band edge. The coarse 
segmentation show a higher attenuation but also an added standing wave pattern. The standing 
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wave works in favor for the modulation efficiency as the antinodes of this pattern is situated in 
the low impedance TML sections (i.e. the modulator sections), this voltage increase peaks the 
transfer function and compensates for the higher attenuation and impedance decrease that arises 
close to the band-edge (Fig. 14). This indicates that the device can be designed with a BW 
slightly less than the actual band edge* at higher frequencies the transfer function will fall off 
rapidly. The standing wave pattern should not be too pronounced as this may result in a non- 
linear phase response in the transfer function. Note that this is a local standing wave effect, the 
voltage phase difference between each modulator section is significantly less than n. This would 
otherwise correspond to the center of the stop-band. This standing-wave effect should not be 
confused with the standing-wave enhanced operation mode proposed by UCSB (ref PTL] for 
short pulse generation or OTDM demultiplexing. 

In a practical design it is desirable to reduce the number of segments as much as possible. The 
main reason for this is that the optical path length of the device is thereby minimized (Fig. 11); 
this reduces the insertion loss of the device. For example with only one modulator segment the 
effective modulator length and optical path length is the same, with two modulator sections only 
one passive section is adding to optical path length, and so on. The number of segments should 
therefore be chosen so that the stop-band edge occurs at a slightly higher frequency than the 
corresponding attenuation limited bandwidth (see Fig. 16). Typically, with an effective 
modulator length of 200pm only one segment is required to operate in the 4GGHz regime, while 
2 or 3 segments are needed to operate in the 100GHz regime (Fig. 14). 




Fig. 15. Upper figure shows the simulated frequency dependence of the phase-index, group-index, and attenuation 
of the Bloch wave for a 2*75|lm modulator structure. The lower figure illustrates the standing wave pattern that 
appears close to the stop band edge (100GHz). Also included is the corresponding voltage for a structure with a dense 
segmentation (15*1 Ojim). 
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i) Design optimization of a segmented structure 

Although the TML attenuation is reduced as an effect of the reduced capacitance per unit 
length, the device length has to be increased to retain the same effective modulator length. The 
attenuation normalized to the effective modulator length will always be increased with higher 
impedance. The theoretical attenuation limited bandwidth given with our extracted TML 
parameters (C imK ^650pF/m f 2^ V€ =75Q) is plotted in (Fig. 16). This bandwidth corresponds to 
a structure with a high repetition rate resulting from (4.5) with (3.7), assuming perfect line 
termination, and velocity matching. Note that the velocity matching can easily be adjusted for a 
segmented TML by making the electrical TML longer than the optical WG (Fig. 1 1). 




Fig. 16. Length impedance tradeoff in the attenuation limit with perfect line termination and, velocity matching. 

The obvious gain of the higher impedance of a segmented structure is a reduced return loss 
(Sn) to a 50Q system. It is however clear from Fig. 16 that the higher impedance comes only 
with the price of a reduced modulator length, and thereby increased (modulator) drive voltage. It 
is therefore relevant to investigate the trade-off between large-signal optical extinction and 
impedance level. Here I use the same approach as in section (3.4) and relate the extinction to the 
curvature parameter of the absorption curve (Fig. 8). This is done for three different reference 



a) The extinction is optimized with respect to the voltage from a 5QQ source. The 
modulator voltage is here given as: 



2Z^ 
'50+Zo 



b) The extinction is optimized with respect to the drive current. This situation is also 
relevant when a high input impedance close to 50Q is important, for example in order to 
make the device less sensitive to a parasitic inductance in an interconnect (e.g. bond- 
wire or flip-chip bonding). A very simple way to solve this problem is to add a serial 
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resistor so that the input impedance always is 50S2. The modulator voltage is here given 
as: 



2Z„ 



c) The extinction is optimized with respect to drive power: 



(a) constant drtva voltage from a 60a iourct 




Fig. 17. Large signal optical extinction trade-off for three different drive configurations as a function of the Bloch 
impedance. The design corresponds to the 100GHz B W curve in Fig. 16. The figures show the relative change of the 
logarithmic extinction (i.e. if 1 corresponds to IOdB extinction then OS corresponds to 5dB extinction). 

This case study for 100GHz devices illustrated in Fig. 17 indicates that if a high input 
impedance is important it is clear that a segmented TML approach should be used rather than a 
serial resistive matching element. However, for the cases of a 50Q source or optimised drive 
power the modulator impedance should be designed close to 35ft rather than 50Q, provided that 
the return loss can be relaxed to 5//«-15dB (unless a high curvature parameter (c) value is 
used). 
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Background on segmented Optical modulators 

By Robert Lewen & Urban Eriksson 2003-03-20. 

The Original configuration by Walker [1] 




Fig. t . Schematic of traveling-wave Mach-Zehnder modulator using ca- 
pacitvvcly loaded coplanar strip-line and three-guide coupler split/reconv 
bine regions. 




Fig. 2. GaAs-AlOaAt Mach-Zehnder modulator representative of tech- 
nology used throughout this work. Lumped, single-sided drive is illus- 
trated. Insets show the waveguide cross section and an SEM micrograph 



Figure 1 The original Walker implementation [1]. 

The original configuration [1] (Figure 1) consists of one passive microwave 
transmission line (TML) with characteristic impedance and propagation index 

where L p and C p is the inductance and capacitance per unit length of the TML, 
respectively. The passive waveguide is capacitively loaded by a number of modulator 
sections each with a length l m , a (center to center) spacing Z s , and a capacitance per 
unit length C m . The resulting effective (Bloch) impedance and propagation index is 
then expressed as: 

Z B = I L " . and n B = cJlIc, + C m l f\ <2> 
The optical and electrical velocity is matched (ng=n 0 ) if [1] 
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L <-n\ n\-n\ (3) 



Resulting in a characteristic impedance 



Z - Z > = zfl (4) 



-B P M P *> 



An alternative expression for (3) is then given as: 

c L = n l~ n l ^ n *~ n l (5) 
m h & P ^Z B n B 

Example 1 (corresponding to Til): 

passive TML implementation as a co-planar strip on Sl-InP (see [1] for GaAs) 
£>=12.4, %=6.7. 

With Z fl =50Q, then Z P =65Q and C m *Uls=95pF/uu 

A typical C m for an electroabsorption modulator (EAM) is at least 700pF/m, h&ice, 
Ul s <0.137. 

Example 2 (more similar to T21>: 

TML implementation as a microstrip on BCB 

£,=2.7, e<#~2. 

With Zb=50Q, then Z p =l 19SI and C OT *U/r=187pF/m. 

Using a typical EAM C m of minimum 700pF/m, results in 2 m // J <0.27. 

The disadvantage with these implementations will be discussed in the suggested 
improvements in the following sections. 

The original Walker configuration [1] is, to my knowledge, not protected by any 
patents. 
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The modified Setts approach [2] 




Figure 2. Modified version by Betts [2]. is reduced by an additional thick layer with low sr, 
the modulator sections is contacted to the passive TLM with vertical vias, or "conductive legs". 
(The original Walker implementation uses horizontal arms instead (Figure 1))* 

A disadvantage with the Walker implementation according to example 1 in section 1 
is the low duty cycle (J m /l s ) between active and passive optical waveguide (WG) 
sections. This is particularly a problem for an EAM due to a typically high C m . 
Betts [2] have therefore proposed that the passive electrode should be implemented 
with an additional substrate layer with low dielectric (claim 2) (Figure 2), for example 
polyamide or air (claim 3, claim 6), This implementation decreases (claim 5). The 
modulator sections can be connected with vertical vias, or conductive legs (claim 4). 

And the list goes on with 27 claims in total, all referring to electro-optic (EO) 
modulators. There are no claims concerning electroabsorption modulators, or optical 
modulators in general. 

The important improvement in [2] is the introduction of an additional dielectric layer 
that reduces This improvement leads to a lower duty cycle QJQ and a reduced 
total device length for a given effective modulator length. See example 2 in section 1. 
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Our approach 



— Z p *72Q 
Z ra *22Q 



Position 

Passive sections 
Z„=70-75G 




Modulator sections 
Z m =22Q 



Figure 3. Our implementation with a different length of the TML {1 T ml>, compared to the optical 

WG (toptical)' 

In our implementation we have implemented the passive WG as a microstrip on BCB 
(example 2 in section 1). The low value of 6^2 indicates that the passive WG should 
be designed with a characteristic impedance of Z^=119Q. This high impedance level 
is however not practical. For example: a plated microstrip with a width of 6l*m and a 
plated height of 3\im with a 7]Lim thick BCB layer has (experimentally) resulted in an 
impedance of Z p =75£2. It is therefore not possible to reach SOQ and velocity matching 
with this implementation according to the design rules proposed by Walker [1]. 
The solution to this problem is to delay the electrical wave by making the TML longer 
than the corresponding optical waveguide (Figure 3 implemented as Figure 2). This 
modifies (4,5) to: 

7-7 np *™ L - 7 ^ Eeff *™t< 

n B Optical n B ^optical 



„2 



l s c 0 Z B n B 



= C<ff (7) 



Z p can now be chosen arbitrarily (larger than the required Zb) and the velocity 
matching is adjusted by the length ratio. There is however a penalty as a lower Z p 
results in a lower duty cycle between active and passive optical waveguide (ljl s ). 



Version p-2 



should be maximized with respect to the resulting electrical loss in the structure, as 
this is ultimately the limitation for the device bandwidth. 

Example 3: 

TML implementation as a microstrip on BCB with a maximum Zp of 75&, using a 
capaciti vely loaded line. 
£r=2.7, %«2. 

With Z tof =50Q, then and C m */,A=130pF/m. 

Using a typical EAM C m of minimum 700pF/m, results in IJI S <0AS5. 

The design can be further improved by reducing the feed-lines [1] (Figure 1) or 
conductive legs [2] to a minimum. Ideally the modulator should be an integrated part 
of the passive WG, i.e., a cascaded structure (Figure 3) [4]. This results in: 



or typically 10% for an EAM implementation (C m «700 pF/m, C p «70 pF/m), 

2) We avoid the implementation with conductive legs, which could make the 
design similar to [2]. 

The additional Walker patent [3] 

This patent suggests a modification of the original implementation [1]. An additional 
capacitance (34 in Figure 4) is introduced in order to modify the modulation strength 
of one arm in a MZI. This creates an unbalance in the MZI, which can be utilized for 
chirp control. 




(8) 



There are two reasons for this: 



1) 



The duty-cycle is improved by a ratio of 




(9) 
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Figure 4. The additional Walker patent [3] 
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CLAIMS 

1. An optical modulator, divided into at least two active 
segments separated by at least one passive segment, the 
modulator comprising 

5 an optical waveguide with an optical group index (n 0 ), 

having an optical signal propagating at an optical velocity 
(v 0 ), and 

a microwave transmission line with an electrical 
propagation index (n p ), having an electrical signal 

10 propagating at an electrical velocity (v e ), 

wherein the electrical propagation index (n p ) of the 
unloaded microwave transmission line is lower than the 
optical group index (n D ) of the optical waveguide, 
characterized in that 

15 the loading and length of the microwave transmission line 

are adjusted for a specific Bloch impedance and electrical 
velocity (v e ). 

2. An optical modulator according to claim 1, characterized 
in that the electrical velocity (v e ) in the adjusted 

20 microwave transmission line is substantially equal to the 

optical velocity (v D ) in the optical waveguide. 

3. An optical modulator according to any of claims 1 or 2, 
characterized in that the length of the microwave 
transmission line from the center of one active segment to 

25 the center of the adjacent active segment is longer than 

the length of the corresponding optical waveguide from 
the center of one active segment to the center of the 
adjacent active segment. 

4. An optical modulator according to any of claims 1-3, 
30 characterized in that the active segment of the optical 

modulator is a microwave transmission line and is 
cascaded in series with the microwave transmission line 
of the passive segment. 
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5. An optical modulator according to any of claims 1-4, 
characterized in that the optical modulator is an electro- 



2 

absorption modulator. 

6. A method for adapting the impedance in an optical 
modulator which is divided into at least two active 
segments separated by at least one passive segment, 
wherein the modulator comprises 

an optical waveguide with an optical group index (n 0 ), 
having an optical signal propagating at an optical velocity 
(v 0 ), and 

a microwave transmission line with an electrical 
propagation index (n p ), having an electrical signal 
propagating at an electrical velocity (v e ), 

wherein the electrical propagation index (n p ) of the 
unloaded microwave transmission line is lower than the 
optical group index (n Q ) of the optical waveguide, 
characterized by 

adjusting the loading and length of the microwave 
transmission line for a specific Bloch impedance and 
electrical velocity (v e ). 

7. A method according to claim 6, characterized by 
adjusting the loading and length of the microwave 
transmission line in such a way that the electrical velocity 
(v e ) in the adjusted microwave transmission line becomes 
substantially equal to the optical velocity (v 0 ) in the 
optical waveguide. 

8. A method according to any of claims 6 or 7, 
characterized by adjusting the length of the microwave 
transmission line in such a way that the length from the 
center of one active segment to the center of the adjacent 
active segment becomes longer than the length of the 
corresponding optical waveguide from the center of one 
active segment to the center of the adjacent active 
segment. 

9. A method according to any of claims 6 - 8, characterized 
by implementing the active segment of the optical 
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modulator as a microwave transmission line and 
cascading it in series with the microwave transmission 
line of the passive segment. 

10. A method according to any of claims 6-9, characterized 
by the optical modulator being an electro-absorption 
modulator. 



This Page is inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of the 
original documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 



BLACK BORDERS 
Nfi^ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
Sa-FADED TEXT OR DRAWING 
p^BLURED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLORED OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REPERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning documents will not correct images 
problems checked, please do not report the 
problems to the IFW Image Problem Mailbox 



